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2The potential to reduce the risk of diffuse pollution from agriculture
while improving economic performance at farm level.
Abstract
Within the constraints of the EU Nitrates and Water Framework Directives,
controlling and managing nutrient transfers to water from excessive nutrient use on
agricultural land is a significant environmental policy challenge. This paper assesses
whether there is room to reduce inorganic nitrogen and phosphorus fertiliser
applications and imported feeds by exploring the extent to which application rates
may have exceeded optimum levels using data envelopment analysis methodology.
The investigation concentrates on specialist dairy and tillage farms in the Republic of
Ireland stratified by land use potential as these agricultural systems are the most
intensive and may pose the greatest risk in terms of managing nutrient transfers from
agricultural land to water bodies. Results demonstrate inefficiency in the utilisation of
nitrogen and phosphorus fertilisers across these systems. Second stage regression
analysis indicates significant return to efficiency from agricultural education. Average
over application of chemical fertilizers ranged from 22.8 to 32.8 kg N ha-1 and 2.9 to
3.51 kg P ha-1 in 2008 which research has shown is at least similar and greater than
losses to leaching and runoff for N and P, respectively, from similar intensive
agricultural land uses. Potential cost savings on chemical fertilisers across all systems
on average ranged from €38.9 ha-1 to €48.5 ha-1. Additionally, potential cost
reductions on imported feeds of €65 to €84 per livestock were indicated for dairy
farms versus efficient cohort benchmark farms. Average excess of imported feedstuffs
equated to 5.82-7.44 kg LU-1 of N and 0.92-1.17 kg LU-1 of P. Such reductions have
the potential to deliver a double dividend by reducing the risk of diffuse nutrient
losses from agricultural land while improving economic margins at farm level.
Keyword: Nutrient management efficiency, data envelopment analysis, agriculture,
water quality.
31. Introduction
Compliance with environmental legislation in the context of intensive, productivist
agriculture is a significant policy challenge (Sutton et al., 2011). Much political and
commercial pressure has been brought to bear on the agricultural sector to improve
environmental performance while maintaining economic efficiency and
competitiveness in a global marketplace (Jay, 2007). Consequently eco-efficiency has
become a prevalent theme in the agricultural and environment literature (Asmild &
Hougaard, 2006; Ebert & Welsch 2007; Lauwers, 2009 and Picazo-Tadeo et al,
2011). This is especially so in the European Union (EU) where member states are
committed to management (mitigation or maintenance) of all water bodies to good
ecological status by 2015 under the Water Framework Directive (OJEU, 2000).
Over application of chemical nitrogen (N) and phosphorus (P) in intensive agricultural
regions of Europe, and throughout the developed world, has lead to excessive
accumulations of these nutrients in soils, groundwaters and surface water bodies
(Volk et al., 2009). It has been estimated that as much as 55 per cent of non-point
water pollution of eutrophic surface waters in the EU is attributable to agriculture
(Kersebaum et al., 2003), with the majority linked to losses of nitrogen (N) and
phosphorus (P) nutrients from soil surfaces which can lead to eutrophication
(Vörösmarty et al., 2010; Sutton et al., 2011). In the UK, DEFRA (2006) reported
that around 70 per cent of N and 40 per cent of P pollution of inland waterways was
derived from agriculture with the balance from industrial and municipal sources.
Nutrient pollution from agriculture is acknowledged as one of the major sources of
water quality impairments in the United States (Morgan and Owens, 2001; Ribaudo et
al., 2001, Sharpley et al., 2008). The problem of eutrophication in Irish watercourses
4has been an issue since the 1970’s (Flanagan and Toner, 1972, 1975; Inland Fisheries
Trust, 1973, 1974). Recently 18 per cent of river channel across the Republic of
Ireland was found to be slightly polluted; 10 per cent moderately polluted and 0.5 per
cent seriously polluted. Agricultural sources were associated with 32 per cent of
cases of slight and moderate pollution (EPA, 2008).
Much attention has been paid to controlling nutrient enrichment of watercourse by
means of traditional command and control regulatory methods. Less emphasis has
been placed on measuring nutrient management efficiency at farm level from an
economic loss perspective (Huang et al., 1996; Brown et al., 2005; Picazo-Tadeo &
Reig-Martínez, 2007). The optimum fertiliser rate is not always the rate at which
maximum crop yield is achieved but must produce a satisfactory level of crop yield
for profit; covering its costs while minimising nutrient losses to the environment.
Excessive fertiliser applications over the optimum may often be attributed to such
factors as risk aversion to lower yields, information asymmetry or incentive
incompatible fertiliser pricing. However, over application of nutrients may have both
economic and environmental consequences. Economic costs are incurred in two
ways; the cost of wasted nutrient inputs at farm level and the cost of clean up
associated with pollution caused as a result of such losses. In the absence of effective
control, the cost of eutrophication is external to the farm, therefore the rational farm
level decision is often to apply fertilisers up to the point of maximum private gains
including some coverage for risk and uncertainty. The lower the relative price of
fertiliser the greater the incentive to apply it to excess to offset potential risk and
uncertainty. If asymmetric information is prevalent on crop nutrient requirement, soil
fertility and farm level nutrient balances, then over application of fertiliser equalises
5the need to ascertain precise information and offsets risk while using the wider
environment as a sink at no internal cost to the farm (Scott, 2005).
Chemical fertiliser prices in the Republic of Ireland reached record levels in 2008
(CSO, 2009a). Average prices increased by over 140 per cent between 1999 and
2008. Fertiliser consumption among farmers was seen to react to price as N fertiliser
sales to farmers declined by 24 per cent and P by over 48 per cent during this period
(DAFF, 2009). Hence, farmers had significant economic incentives for efficient
fertiliser input usage.
Farmers apply chemical fertilisers because a benefit is derived through either
increased output, income or both. However, plants absorb fertilisers only up to their
requirements. Nutrients in fertilisers (principally N, P and potassium (K)) promote
plant growth but application in excess of plant requirement can be exposed to leaching
and runoff transfers from land to water where these hydrological pathways coincide
with intensive agricultural landuse (Sharpley et al., 2003; Tunney et al., 2010).
While the analysis of exact proportions of N and P required for optimal growth in
grassland or tillage systems is outside the scope of this paper, productivity analysis
techniques can measure farm nutrient management efficiency by examining farm
inputs to output ratios across a sample of farms. Such an approach was adopted by
Fraser and Cordina (1999); Reig-Martinez and Picazo-Tadeo, (2004); Theodoridis and
Psychoudakis (2008); Barnes et al., (2009) and Uzmay et al., (2009). Nutrient
accounting systems have been proposed as a means of managing nutrients at farm
level. These measure the nutrient inputs onto the farm (through feedstuffs and
fertilisers) and subtracts quantities exported from the farm through outputs such as
6milk, meat and cereals with a view to achieving a nutrient balance (Breembroek, et
al., 1996; Ondersteijn et al., 2002; 2003; Berentsen, 2003; Nevens et al., 2006;
Bassanino et al., 2007; Treacy et al., 2008; Ghebremichael and Watzin, 2011;
Huhtanen et al., 2011; Nousiainen et al; 2011). Where nutrient inputs do not closely
match nutrient off-takes then nutrients are potentially available for loss to the system,
for example, via leaching and/or runoff to water.
The negative impacts of nutrient loss to receiving watercourses can be highly site
specific due to the varying potential interactions of hydrology, soil type, atmospheric
chemistry and farm level fertiliser practices (Doody et al., 2012). However, all other
things being equal, the most intensive agriculture systems may pose the greatest risk
due to the magnitude of the nutrient load into the farming system and especially when
considering those systems with accumulating nutrient surpluses, above farm nutrient
balances. With this background, this paper seeks to investigate the level of nutrient
management efficiency across intensive agricultural systems in the Republic of
Ireland. As soil types may influence the means of nutrient accumulation and the
mode of transfers from land to water (Jordan et al., 2005), the analysis further uses a
novel land use potential metric based on soils class as a basis for stratification and
benchmarking.
2. Methodology
Farm level efficiency in the literature (Ahmad et al, 2002; Lohr and Park, 2007;
Theodoridis and Psychoudakis, 2008) is generally measured using one of two
methods; either Stochastic Frontier Analysis (SFA) or Data Envelopment Analysis
(DEA). Stochastic Frontier Analysis is a parametric approach to measuring farm
7efficiency where a set of explanatory variables can be estimated. However, SFA
necessitates assumptions regarding functional form and the inefficiency disturbance
term which may bias results.
Data envelopment analysis (DEA) is a deterministic approach to efficiency
measurement. It measures the relative efficiency of a decision making unit, farms in
this instance, by comparing relative inputs to outputs. The DEA method establishes
the most efficient farms and compares all others to the most efficient. The method
uses linear programming to place a non-parametric frontier over the data (Charnes et
al., 1978; 1979; 1981). This frontier consists of the most efficient farms and all other
farms are measured by their relative distance to this frontier as a measure of their level
of efficiency (Coelli et al., 2005). In general, DEA is more flexible than SFA when
estimating technical efficiencies using different units and readily offers indicators of
physical input usage which can be directly used to measure the level of input excess.
The method has been applied in a number of developed countries to investigate
agricultural efficiency (Cloutier and Rowley, 1993; Jaforullah and Whiteman, 1999;
Fraser and Cordina, 1999; Gerber and Franks, 2001; Tzouvelekas et al., 2001; Barnes,
2006; Barnes et al., 2009). It is a non-parametric approach which doesn’t require
functional form assumptions. However, DEA does not account for any stochastic
variance from the frontier and this may lead to an over estimate of inefficiency as all
variance from the frontier is assumed to be due to controllable inefficiency. DEA is
also sensitive to extreme values and outliers which can lead unrealistic frontier
construction (Cazals et al., 2002; Simar, 2003; Aragon et al., 2005).
8An input orientated DEA model was adopted where output is assumed fixed and
inputs variable. A variable return to scale (VRS) specification was employed as not
all farms are assumed to operate at optimal scale. The use of the VRS specification
permits the calculation of technical efficiencies devoid of scale efficiency effects.
Coelli et al., (2005) specifies the VRS input orientated model as follows:
min , ,
st -qi + Q  0,
xi - X  0,
I1 ' =1
  0,
Where qi is M1 vector of outputs of i-th firm and xi is a N1 vector of inputs. X is a
NI input matrix and Q is a MI output matrix.  is a scalar (technical efficiency
measure) and  is a I1 vector of constants. Finally, I1 ' =1 is the variable return to
scale constraint; this convexity constraint ensures that an inefficient firm is only
benchmarked against similar sized firms.
The DEA method takes the i-th firm and seeks to radially contract the input vector xi.
The contracted input vector xi produces a projected point (X,Q) on the surface of
the frontier. The linear programming problem must be solved n times, once for each
firm in the sample. A value of  is obtained for each firm. The technical efficiency
score  is constrained to falling in the range 0 to 1.
92.1 Data source and application of DEA
The main data source employed in this analysis is a National Farm Survey (NFS)
conducted by Teagasc (Irish semi-state Agriculture and Food Development Authority)
in 2008. The NFS is collected annually as part of the Farm Accountancy Data
Network requirements of the European Union (FADN, 2005). The purpose of the
NFS is to collect and analyse information relating to farm activities, financial returns
to agriculture and demographic characteristics. A farm accounts book is recorded on a
random representative sample of farms throughout the Republic of Ireland. In 2008 a
total of 1,102 farmers were surveyed representing 104,800 farmers nationally
(Connolly et al., 2009). Interviews were undertaken on site by a team of trained
recorders.
This paper concentrates on specialist dairy and tillage farms as these are the most
intensive land based agricultural systems and, by definition, may potentially pose the
greatest risk in terms of managing nutrient transfer from agricultural land to water
courses due to the magnitude of the nutrient input load. Data are collected on an
enterprise specify basis for livestock systems and on an individual crops specify basis
for tillage enterprises.
The data are also stratified by land use potential and this is established based on a soil
class system which takes account of soil quality, altitude, topography and drainage as
set out in the National Soil Survey of Ireland (Gardiner and Radford, 1980).
Specialist dairying farms were stratified into two main groups for this analysis
namely; average and good land use potential. The good land use potential category
consists of soil classes 1 and 2 (out of six classes). Soil class 1 has no limitation on
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land use and soil class 2 has minor limitations due to soil texture, altitude or climatic
conditions. The average land use potential category consists of soil classes 3 and 4.
Soil class 3 has more significant use limitations associated with soil texture, altitude
or climatic conditions, while soil class 4 has limitations associated with poor drainage.
There were a limiting number of observations in a third potential category “poor land
use potential” hence analysis was restricted to good (n = 137) and average (n = 88)
land use potential categories. It should be noted the analysis was also restricted to
spring calving systems (for dairying) and tillage farms were exclusively related to
land of good use potential. A DEA model were run for each of the aforementioned
cohorts using the Win4Deap software package (Deslierres, 2002; Coelli et al., 2005).
Output for specialist dairy farms was measured in milk produced (l ha-1). Inputs
examined were chemical nitrogen (N) and phosphate (P) fertiliser usage (kg ha-1)
applied to forage area, N and P from imported feedstuffs (kg LU-1) (Ewing, 1998),
labour (hours LU-1) and other variable costs (€ ha-1, exclusive of aforementioned feed
and fertilisers inputs). Nutrient management on a specialist dairy farm is determined
principally by output (milk) versus inputs (imported feed and fertilisers). Connolly et
al. (2009) reports that almost 60 per cent of total variable costs on specialist dairy
farms was due to imported feeds and fertilisers. In Irish grassland systems manure
generated by livestock is recycled back to forage areas, and farms in the sample who
reported importing organic manures were excluded from the analysis as no data were
available on quantities of organic fertiliser imported. Descriptive statistics for each
category are presented in Table 1. As might be expected a priori specialist dairy
farms with good land use potential had higher output and tended to use a higher
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magnitude of fertiliser inputs. Dairy farms of average land use potential imported
higher magntudes of N and P in feeds.
Output for specialist tillage farms (barley, wheat and oats account for 98.5% of
cereals produced in Ireland in 2008 (CSO, 2009b)) was measured in the form of gross
output in € ha-1. Similar inputs examined were N and P fertiliser usage (kg ha-1),
labour (hours ha-1) and other variable costs (€ ha-1 exclusive of aforementioned
fertiliser input).
Table 1: Farm level descriptive statistics by enterprise type and land use
potential
Land
Use
Range
n Mean
&
S.D.
Litres
Ha-1
Other
variable
cost €
Ha-1
Labour
(hours
LU-1)
N Ha-1
(forage
Area)
P Ha-1
(forage
area)
N in
imported
feeds (kg
LU-1)
P in
imported
feeds
(kgs /
LU-1)
Specialist Dairying
Good
land use
potential
137 Mean
S.D.
10,019
(3,042)
615.68
(223.53)
35.61
(21.05)
154.17
(65.47)
6.98
(6.23)
24.57
(13.21)
3.85
(2.08)
Average
land use
potential
88 Mean
S.D.
8,539
(2,874)
505.93
(171.52)
36.99
(21.04)
123.37
(44.63)
6.61
(5.88)
27.25
(16.76)
4.27
(2.60)
Specialist Tillage
€
hectare
Ha-1
(Gross
output)
Other
variable
cost €
Ha-1
Labour
(hours
Ha-1)
N Ha-1 P Ha-1
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Good
land use
potential
80 Mean
S.D.
954.65
(241.62)
405.13
(156.73)
37.56
(35.48)
138.63
(41.91)
20.64
(9.57)
2.2 Second stage regression
It is common in DEA studies to undertake a second stage regression analysis to
investigate factors which influence efficiency (Latruffe et al., 2008). The double
bootstrap method (as advocated by Simar & Wilson, 2007) is applied here in a
truncated regression of the DEA technical efficiency scores on a set of explanatory
variables. Simar and Wilson (2007) outlined how DEA derived scores are serially
correlated and biased, thereby making conventional inference invalid. They derived a
double bootstrap methodology that enables consistent inference to be drawn from
efficiency scores. This approach has been adopted in a number or recent DEA based
studies (Latruffe et al., 2008; Wolszczak-Derlacz & Parteka, 2011).
Truncated maximum likelihood estimation (with right censoring at the upper bound of
1) was undertaken on each of the 3 sub-samples. Explanatory variables included in
the analysis were i) Agricultural education of the farmer (binary variable were 1
equals some level of formal agricultural education), ii) Off-farm employment
measured in average hours per week worked off-farm, iii) Farm size measured in
hectares, iv) No of land parcels farmed as a measure of farm fragmentation and finally
v) Milk recording (were milk in tested to indicate the productivity of individual cows)
was included for the dairy sub-samples as a proxy for technology adoption. The
results presented in this paper are derived from 1,000 bootstrap iterations using Stata
(code adapted from Wolszczak-Derlacz & Parteka, 2011).
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3. Results
3.1 First stage analysis – Estimation of efficiency scores
Data envelopment analysis assigns an efficiency score between 0 and 1 for each farm
in the sub-sample examined. A fully efficient farm with no scope for improvement
would be allocated an efficiency score of 1. The DEA model also indicates targets for
efficient input use which can be used to directly assess and measure the level of
excess input usage. The variable returns to scale model was adopted in this analysis
as it assumes not all farms are operating at optimal scale. This allows calculations of
technical efficiencies devoid of scale efficiency effects (Coeilli et al., 2005). All
results were population weighted, i.e. the specialist dairy farms of good and average
land use potential were weighted to represent a population of 8,195 and 5,322
respectively; specialist tillage farms were weighted to reflect a population of 5,120.
Each farm in the NFS was representative of a numbers of farms in the population.
The weights were generated with reference to size and system (Connolly et al., 2009).
The DEA methodology is based on the assumption that all observations in the sample
belong to the potential production frontier. It is hence sensitive to the presence of
extreme values or outliers in the data which maybe due to measurement error. In the
first instance the Teagasc NFS as part of the FADN have significant protocols in place
to ensure accurate data collection and farm enterprise allocations to eliminate and
minimize errors. Additionally, results indicate that there is a large proportion in each
subsample on the frontier and its construction is not driven by a few observations as
indicated by Table 2. Using the procedure proposed by Simar (2003) an exploratory
analysis was conduct to test for outliers, results from this screening did not indicate
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the presence of outliers across the 3 subsamples hence all observation were included
for DEA analysis.
Specialist dairy farms had an average technical efficiency score of 0.83 to 0.88 which
suggests these farms on average could reduce inputs by approximately 12 to 17 per
cent without influencing output as illustrated by Table 2. Results also indicate that
both specialist dairy farm cohorts on average were operating at over 90 per cent of
optimal scale. Specialist tillage farms indicated an efficiency score of 0.84 suggesting
that on average a 13 per cent reduction in inputs would not affect output. Results also
indicate that specialist tillage farms were operating at 85 per cent of optimal scale.
Table 2: Technical and scale efficiency scores
Farm System N Scale
efficiency
Technical
Efficiency
Technical
Efficiency
Range
(min-max)
Share of farms
with efficiency
score of 1
(%)
Dairy – Good land
use potential
137 0.91
(0.10)
0.88
(0.14)
0.54 - 1 32%
Dairy – Average
land use potential
88 0.91
(0.10)
0.83
(0.16)
0.37 - 1 30%
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Tillage – Good
land use potential
80 0.85
(0.15)
0.84
(0.16)
0.48-1 44%
*Standard deviation in parenthesis
To test statistical robustness, technical efficiency scores were bootstrapped using
1,000 iterations (Simar and Wilson, 1998; 2000) and the results in each case passed at
95% confidence interval test. The widths for confidence intervals ranged from a mean
width of 0.05 to 0.06. These results indicate a low statistical variability for the
efficiency estimates across all cohorts.
Results for input usage targets indicate that specialist dairy farmers with good land
use potential tended on average to over apply chemical fertiliser on forage area to the
greatest extent at 32.78 kg N ha-1 and 2.91 kg P ha-1 compared to the frontier
benchmark cohort farms. Average cost saving on inorganic fertilisers of €48.5 ha-1
could be achieved by operating at the benchmark standard using average 2008
fertiliser prices (CSO, 2009a). The respective cost saving of inorganic fertiliser for
specialist dairy farms of average land use potential was €44.8 ha-1 as excess N was
indicated at 28.23 kg ha-1 and average excess P at 3.38 kg ha-1 as outlined in Table 3.
Imported animal feed was predominantly in the form of concentrates, hence cost
saving related to the average cost of dairy concentrates for 2008 (CSO, 2009a).
Results indicated that dairy farmers of average land use potential tended to over utilise
imported feed to the greatest extent at 7.44 kg LU-1 of N and 1.17 kg LU-1 of P. This
was equivalent to 294 kg LU-1 of concentrates compared to the benchmark farms in
this category and had a cost implication of €84 per livestock unit based on 2008
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prices. The over utilisation of imported feeds was somewhat less among specialist
dairy farms of good land use potential at 5.82 kg LU-1 of N and 0.92 kg LU-1 of P,
equivalent to 230 kg LU-1 of concentrates and with a cost implication of €65 LU-1.
Table 3: DEA analysis of over application of N and P on specialist dairy farms.
Average excess chemical fertiliser
on land
Average excess imported feed
Land
use
range
N* N
application
(kg Ha-1)
P
application
(kg Ha-1)
Cost**
2008
Ha-1
N
feeds
(kg
LU-1)
P
feeds
(kg
LU-1)
Concentrate
equivalent
(kg LU-1)
Cost**
2008
LU-1
Good
land use
potential
136 32.78 2.91 €48.5 5.82 0.92 230 €65
Average
land use
potential
89 28.23 3.38 €44.8 7.44 1.17 294 €84
* Results weighted to population
**Average prices CSO, (2009a)
Results for tillage farms indicate over application of chemical fertiliser compared to
the cohort benchmark of 22.81 kg N ha-1 and 3.51 kg P ha-1. Potential cost savings for
specialist tillage farms compared to the benchmark was €38.9 ha-1 as illustrated by
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Table 4. However, it should be noted that, while these potential savings seem quite
significant, reduced fertiliser usage will inevitably initiate a market adjustment which
will potentially affect equilibrium prices. Long run cost savings are much more
complex to estimate across all farm systems.
Table 4: DEA analysis of over application of N and P chemical fertiliser on
specialist tillage farms.
Land use
range
N* N
application
(kg Ha-1)
P
application
(kg Ha-1)
Cost**
2008
Ha-1
Good land use
potential
80 22.81 3.51 €38.9
* Results weighted to population
**Average prices CSO, (2009a)
3.2 Second stage – Truncated regression analysis
The second stage double bootstrapped estimates are presented in Table 5. Estimates
presented the table are bias adjusted coefficients with the degree of statistical
significance based on the bootstrapping procedure. The dependant variable represents
efficiency (DEA scores), hence coefficients with a positive sign indicate sources of
efficiency.
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Results indicate significant efficiency returns to agricultural education across all
cohorts. This was significant at the 5 per cent level for dairy farmers of good land
potential and at the 1 per cent level for both the dairy cohort of average land use
potential and the tillage cohort. Number of hours worked off-farm had a negative
influence across both dairy cohorts, significantly so for farms of good land potential
(5 per cent level). Dairying is a time intensive enterprise and farmers spending
greater quantities of time on off-farm employment have less time to concentrate on
farm management and this is reflected in efficiency. Farm size had a positive effect
on technical efficiency, but the effect was only significant for the dairy cohort of
average land use potential. The positive impact of farm size on technical efficiency is
a reoccurring theme in the literature (Latruffe et al., 2008). The number of land
parcels farmed represents a proxy for farm fragmentation and as expected had a
negative effect for dairying but it was not significant. Finally milk recording as
expected had a positive effect on the efficiency of the dairying cohorts but the effect
was not significant.
Table 5: Results of double bootstrap truncated regression of technical efficiency
scores
Dairy – Good land
use potential
Dairy – Average
land use potential
Tillage – Good
land use potential
Agricultural
Education
0.064* 0.069** 0.089**
Off-farm
employment
-0.003* -0.0009 0.0007
Farm size 0.0003 0.003** 0.0002
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No. of land parcels -0.0003 -0.01 0.002
Milk recording 0.0079 0.034
Constant 0.73** 0.63** 0.67**
** Significant at 1% level *Significant at 5% level.
4. Discussion
Results from this study suggest average over application of inorganic fertilisers of
between 22.8 to 32.8 kg N ha-1 and 2.9 to 3.51 kg P ha-1. Jordan et al., (2012) in a
study of 4 intensively instrumented Irish agricultural catchments (2 grassland and 2
arable - Fealy et al., 2010; Wall et al., 2011) found total N exports, as measured by
high resolution hydro-chemistry, of between 8.9 and 28.8 kg N ha-1yr-1 (3 catchments
indicating exports of over 20 kg N ha-1) and total phosphorus exports of between
0.175 and 0.784 kg ha-1 yr-1. The predicted over utilisation in terms of N and P inputs
normalised to land area envelop and provide some margins in terms of potential
savings and losses to the environment that could be significant to water quality
targets.
Despite both studies involving benchmark intensive agriculture systems the results are
not directly comparable, however, there are distinct similarities between over
application at farm level and nutrient loss as measured at the outlet of these
experimental agricultural catchments. That said, losses may also occur due to the
legacy effects of previous management (Schulte et al., 2010) that will abate with time
in specific hydrological pathways. Future research and data collection in this area
could provide information on the issue of nutrient legacy and further implications for
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increasing efficiency. Farmers with a formal agricultural education had significantly
higher level on efficiency across the cohorts examined in this study.
There are three broad approaches to promoting the efficient and appropriate use of
nutrients in agricultural production. These measures include regulation, market based
economic instruments and education (OXERA, 2003). The regulatory framework is
set down at EU level through the Nitrates Directives and implemented at national or
regional level through a National Action Plan which established statutory guidelines
for farm level nutrient management practice (including maximum application rates
and timings for chemical and organic fertilisers). Economic instruments such as taxes
or levies, agri-environment based subsidies or tradable permits have a role in altering
consumer behaviour, especially where disincentive fertiliser input price prevail and
producers are risk adverse. To be effective, policies (regulation or economic
instruments) need to be correctly targeted, have low enforcement and administration
costs, be equitable and devoid of socially undesirable effects. However, given the
common property nature of watercourses, it can be very difficult to identify the source
of diffuse pollution. Ideal policy solutions include an education and extension
component to enhance farmers’ skills and knowledge (Scott, 2005; Barnes 2009).
Indeed, second stage regression results highlight the significant effect of agricultural
education on farm efficiency.
As outlined by Scott (2005), education is generally a prerequisite for the success of
any policy. Extension programmes focusing on delivering efficiency gains and
associated improved farm level gross margin offers some scope for achieving
improved nutrient management and reducing the associated environmental risk.
21
Inadequate and inaccurate information relating to specific crop nutrient requirements
and farm nutrient balances are potentially contributing factors to diffuse pollution
from agriculture. Promotion of nutrient management practices such as periodic soil
testing and adoption of nutrient budgeting and management systems would assist in
addressing any asymmetric information gaps at farm level and may encourage farmers
to inform themselves on optimum nutrient levels for their crops (Blackstock et al.,
2009). Extension work, based on a participatory approach which engages farmers,
may influence farm level nutrient management practices and promote desirable
normative behaviour. However, further research is required to investigate the factors
that drive farmer uptake of nutrient management best practice and adoption of
technology in this area.
Catchment or area-specific incentives may be more efficient in achieving
environmental goals due to prevailing local geographic and hydrologic conditions
(Sharpley et al., 2003; Ghebremichael and Watzin, 2011). Management practices
based on acquired and calculated knowledge of optimum soil nutrient levels to meet
crop production requirements may require additional farmer time and effort (record
keeping and nutrient budgeting) but the potential payoff in terms of improved bottom
line performance are illustrated from the results of this study. Finally, delivery of
public goods through agriculture is at the forefront of the Common Agricultural
Policy (CAP) agenda. Efficient management of farm nutrients meets productivity and
environmental goals of the CAP. Enhanced policy measures in this area which
actively promotes information symmetric efficient nutrient management has the
potential to delivery on economic and environmental public good objectives.
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5. Conclusions
Using data from a National Farm Survey dataset and data envelopment analyses to
compare farming enterprises, this study found inefficiency in the utilisation of
inorganic N and P across specialist dairy and tillage farms . Significant potential cost
savings on fertilisers and imported feeds was hence indicated across these systems.
There is an opportunity for inefficient producers to reduce fertilisers (and imported
feeds) without affecting output by adopting similar practices to those of the most
efficient farms. The average potential cost savings on fertilisers ranged from €44.8 ha-
1 to €48.5 ha-1 for dairy farms and €38.9 ha-1 for tillage systems. Additionally,
potential cost reductions on imported feeds of €65 to €84 LU-1 were indicated for
dairy farms versus efficient cohort benchmark farms.
Efficient inorganic fertiliser applications and imported feed purchase has the potential
to deliver a double dividend, win-win situation by reducing the risk of nutrient loss (or
decreased accumulation that will mitigate legacy effects) and diffuse pollution from
agricultural land thereby assisting in the achievement of environmental water quality
objectives while improving economic margins at farm level.
Acknowledgment
The research was funded by the Department of Agriculture, Fisheries and Food.
23
References
Ahmad, M., Chaudhry, G. M., Iqbal, M., 2002. Wheat Productivity, Efficiency, and
Sustainability: A Stochastic Production Frontier Analysis. The Pakistan Development
Review 41, 643-663.
Aragon, Y., Daouia, A., Thomas-Agnan, C., 2005. Non parametric frontier estimation: A
conditional quantile-based approach. Econometric Theory, 21 358-389.
Asmild, M., Hougaard, J.L., 2006. Economic versus environmental improvement potentials
of Danish pig farms. Agricultural Economics, 35, 171-181.
Barnes, A.P., 2006. Does multi-functionality affect technical efficiency? A non-parametric
analysis of the Scottish dairy industry. Journal of Environmental Management, 80,
287-294.
Barnes, A.P., Moran D., Topp, K., 2009. The Scope for Regulatory Incentives to Encourage
Increased Efficiency of Input use by Farmers. Journal of Environmental Management,
90, 808-814.
Bassanino, M., Grignani, C., Sacco, D., Allisiardi, E., 2007. Nitrogen balances at the crop
and farm-gate scale in livestock farms in Italy. Agriculture, Ecosystems and
Environment, 122, 282–294.
Bateman, I.B., Day, D., Dupont, S., Georgiou, N., Gonca, N., Matias, S., Morimoto, S.,
Subramanian, L., 2007. Does phosphate treatment for prevention of eutrophication
pass the benefit-cost test? CSERGE Working Paper EDM 06-13. http://www.
uea.ac.uk /env/cserge/pub/wp/edm/edm_2006_13.pdf. (Accessed 14/08/2010).
Berentsen, P.B.M., 2003. Effects of animal productivity on the costs of complying with
environmental legislation in Dutch dairy farming. Livestock Production Science, 84,
183–194.
24
Blackstock, K.L., Ingram, J., Burton, R., Brown, K.M., Slee, B., 2009. Understanding and
influencing behaviour change by farmers to improve water quality. The Science of
the Total Environment, 408, 5631-5638.
Breembroek, J.A., Koole, B., Poppe, K.J. Wossink, G.A.A., 1996. Environmental Farm
Accounting: The Case of the Dutch Nutrients Accounting System. Agricultural
Systems, 51, 29-40.
Brown, L., Scholefield, D., Jewkes, E.C., Lockyer, D.R., Del Prado, A., 2005. NGAUGE: A
decision support system to optimise N fertilisation of British grassland for economic
and environmental goals. Agriculture, Ecosystems & Environment, 109, 20-39.
Buczko, U., Kuchenbuch, R.O., Lennartz B., 2010. Assessment of the predictive quality of
simple indicator approaches for nitrate leaching from agricultural fields. Journal of
Environmental Management, 91, 1305-1315.
Cazals, C., Florens, J.P., Simar, L., 2002. Nonparametric frontier estimation: a robust
approach. Journal of Econometrics, 106, 1-25.
Charnes, A., Cooper, W.W., Rhodes, E., 1978. Measuring Efficiency of Decision Making
Units. European Journal of Operations Research, 2, 429-444.
Charnes, A., Cooper, W. W., Rhodes, E., 1979. Measuring the efficiency of decision-making
units. European Journal of Operational Research, 3, 339-339.
Charnes, A, Cooper, W.W, Morey, C.R, Lewin, A.Y, Rousseau, J., 1981. Data envelopment
analysis: a non-Archimedean proof and rank ordering of efficient units. Research
Report, Graduate School of Business Administration, Duke University.
Central Statistics Office, 2009a. Fertiliser and feed prices. http://www.cso.ie/px/
pxeirestat/Dialog/Saveshow.asp (Accessed 10/08/2010).
25
Central Statistics Office, 2009b. Area Farmed in June (000 Hectares) by Type of Land Use,
Year and Region. http://www.statcentral.ie/viewStat.asp?id=143. (Accessed
10/08/2010).
Cloutier, L.M., Rowley, R., 1993. Relative technical efficiency: data envelopment analysis
and Quebec’s dairy farms. Canadian Journal of Agricultural Economics 42, 169-176.
Coelli, T.J., Prasada Rao, D.S., O’Donnell C.J., Battese G.E., 2005. An introduction to
efficiency and productivity analysis, 2nd edition. Springer, Queensland.
Connolly, L., Kinsella, A., Quinlan, G., Moran, B., 2009. Teagasc National Farm Survey
2008.
Department of Agriculture, Fisheries and Food, 2008. Explanatory handbook for the good
agricultural practice regulations. http://www.agriculture.gov.ie/media/migration
/ruralenvironment/environment/nitrates/revisedhandbook2008.pdf. (Accessed
10/06/2010).
Department of Agriculture, Fisheries and Food, 2009. Fertiliser Consumption, 1989/2005 -
2007/2008. Department of Agriculture, Fisheries and Food, Dublin.
DEFRA, 2006. Reducing Water Pollution from Agriculture. DERFA, London.
Deslierres, M., 2002. Win4DEAP version 1.1.2 License. http://www8.umoncton.ca/umcm-
deslierres_michel/dea/license.html. (Accessed 18/06/2010).
Doody, D.G., Archbold, M., Foy, R.H., Flynn, R., 2012. Approaches to the implementation
of the Water Framework Directive: Targeting mitigation measures at critical source
areas of diffuse phosphorus in Irish catchments. Journal of Environmental
Management, 93, 225-234.
26
Ebert U. and Welsch, H., 2007. Environmental emissions and production economics:
implications of the materials balance. American Journal of Agricultural Economics,
89, 287-293.
Environmental Protection Agency, 2008. Ireland’s State of the Environment Report 2008.
EU Council, 1991. Directive of the Council of December 12, 1991 concerning the protection
of waters against pollution caused by nitrates from agricultural sources (91/676/EEC).
http://eur-ex.europa.eu/LexUriServ/LexUriServ.do?uri=CELEX
:31991L0676:EN:NOT (Accessed 19/07/2010).
European Commission, 2002. Economics and the Environment. The Implementation
Challenge of the Water Framework Directive. A Guidance Document. Directorate for
the Environment, Brussels.
Ewing, W.N., 1998. The Feeds Directory: commodity products guide. Context Products
Ltd. Nottingham University Press.
Farm Accountancy Data Network, 2005. Concept of FADN. http://europa.eu.int/comm
/agriculture/rica. (Accessed 14/08/2010).
Flanagan, P.J., Toner, P.F., 1972. The National Survey of Irish Rivers, A report on Water
Quality. An Foras Forbartha – Water Resources Division, Dublin.
Flanagan, P.J., Toner, P.F., 1975. A Preliminary Survey of Irish Lakes. Water Resources
Division, An Foras Forbartha, Dublin.
Fealy, R.M., Buckley, C., Mechan, S., Melland, A., Mellander, P.E., Shortle, G., Wall, D.,
Jordan, P., 2010. The Irish Agricultural Catchments Programme: catchment selection
using spatial multi-criteria decision analysis. Soil Use and Management, 26, 225-236.
Fraser, I., Cordina, D., 1999. An application of data envelopment analysis to irrigated dairy
farms in Northern Victoria Australia. Agricultural Systems, 59, 267-282.
27
Gardiner, M.J., Radford, T., 1980. Soil associations of Ireland and their land use potential:
Exploratory bulletin to the soil map of Ireland 1980. An Foras Taluntais, Dublin.
Gerber, J., Franks, J., 2001. Technical efficiency and benchmarking in dairy enterprises.
Journal of Farm Management, 10, 715-728.
Ghebremichael, L.T., Watzin, M.C., 2011. Identifying and controlling critical sources of
farm phosphorus imbalances for Vermont dairy farms. Agricultural Systems, 104,
551-561.
Gibson, C.E., 1997. The dynamics of phosphorus in freshwater and marine environments. In:
Tunney, H., Carton, O.T., Brookes, O.C., Johnston, A.E. (eds) Phosphorus Loss from
Soil to Water. CAB International, Wallingford, UK, pp. 119–135.
Haygarth, P.M., 2004. Reviewing the Potential for Reductions of Nitrogen and Phosphorus
Inputs in Current Farm Systems. DEFRA, London.
Haygarth, P.M., Condron, L.M., Heathwaite, A.L., Turner, B.L., Harris, G.P., 2005. The
phosphorus transfer continuum: Linking source to impact with an interdisciplinary
and multi-scaled approach. Science of the Total Environment, 344, 5-14.
Huang, W.Y., Shank, D., Irwin-Hewitt, T., 1996. On-Farm Costs of Reducing Residual
Nitrogen on Cropland Vulnerable to Nitrate Leaching. Review of Agricultural
Economics, 18, 325-339.
Huhtanen, P., Nousiainen J. and Turtolad, E, 2011. Dairy farm nutrient management model:
2. Evaluation of different strategies to mitigate phosphorus surplus. Agricultural
Systems, 104, 383-391.
Latruffe, L., Davidova, S,. Balcombe, K., 2008. Application of a double bootstrap to
investigation of determinants of technical efficiency of farms in Central Europe.
Journal of Productivity Analysis, 29, 183–191.
28
Inland Fisheries Trust, 1973. Annual Report 1972/1973. Inland Fisheries Trust, Glasnevin,
Dublin.
Inland Fisheries Trust, 1974. Pollution and Eutrophication. Inland Fisheries Trust, Glasnevin,
Dublin.
Jaforullah, M., Whiteman, J., 1999. Scale efficiency in the New Zealand dairy industry: a
non-parametric approach. Australian Journal of Agricultural and Resource Economics
43, 523-541.
Jay, M., 2007. The political economy of a productivist agriculture: New Zealand dairy
discourses. Food Policy, 32, 266–279.
Jordan, P., Menary, W., Daly, K., Kiely, G., Morga,n G., Byrne, P., et al., 2005. Patterns and
processes of phosphorus transfer from Irish grassland soils to rivers—integration of
laboratory and catchment studies. Journal of Hydrology, 304, 20-34.
Jordan, P., Melland, A.R., Mellander, P-E., Shortle, G. and Wall, D., 2012. The seasonality
of phosphorus transfers from land to water: implications for trophic impacts and
policy evaluation. Science of the Total Environment – in press.
Kersebaum, K.C., Steidl, J., Bauer, O., Piorr, H.P., 2003. Modelling scenarios to assess the
effects of different agricultural management and land use options to reduce diffuse
nitrogen pollution into the river Elbe. Physics and Chemistry of the Earth 28, 537–
545.
Lauwers, L., 2009. Justifying the incorporation of the materials balance principle into
frontier-based eco-efficiency models. Ecological Economics, 68, 1605-1614.
Lohr, L., Park, T.A., 2007. Efficiency analysis for organic agricultural producers: The role
of soil-improving inputs. Journal of Environmental Management, 83, 25-33.
McGarrigle, M., 2004. Eutrophication of inland and estuarine waters, in: Ireland’s
Environment 2004. EPA, Johnstown Castle, Co. Wexford, pp. 209–223.
29
Morgan, C., Owens, N., 2001. Benefits of water quality policies: the Chesapeake Bay.
Ecological Economics, 39, 271-284.
Nevens, F., Verbruggen, I., Reheul, D., Hofman, G., 2006. Farm gate nitrogen surpluses and
nitrogen use efficiency of specialized dairy farms in Flanders: Evolution and future
goals. Agricultural Systems, 88, 142–155.
Nousiainen, J., Tuori, M., Turtola, E. and Huhtanen, P., 2011. Dairy farm nutrient
management model. Model description and validation. Agricultural Systems, 104,
371-382.
Official Journal of the European Community, 2000. Establishing a framework for
Community action in the field of water policy (Water Framework Directive),
2000/60/EC, L327.
Ondersteijn, C.J.M., Beldman, A.C.G., Daatselaar, C.H.G. , Giesen, G.W.J., Huirne, R.B.M.,
2002. The Dutch Mineral Accounting System and the European Nitrate Directive:
implications for N and P management and farm performance. Agriculture,
Ecosystems and Environment, 92, 283–296.
Ondersteijn, C.J.M., Beldman, A.C.G., Daatselaar, C.H.G., Giesen, G.W.J., Huirne, R.B.M.,
2003. Farm structure or farm management: effective ways to reduce nutrient
surpluses on dairy farms and their financial impacts. Livestock Production Science,
84, 171–181.
OXERA, 2003. Policy Instruments for the Control of Pollution of Water by Diffuse
Agricultural Sources. Report prepared for DEFRA, http://www.defra.gov.uk
/environment/water/quality/diffuse/agri/reports/pdf/dwpa08.pdf.(Accessed
10/09/2010).
30
Picazo-Tadeo, A.J., Reig-Martínez, E., 2007. Farmers' costs of environmental regulation:
Reducing the consumption of nitrogen in citrus farming. Economic Modelling 24,
312-328.
Picazo-Tadeo, A.J., Gomez-Limon, J.A. and Reig-Martinez, E., 2011. Assessing farming
ecoefficiency: A Data Envelopment Analysis approach, Journal of Environmental
Management, 92, 1154-1164.
Pretty, J., Brett, C., Gee, D., Hine, R., Mason, C., Morison, J., Rayment, M., van der Bijl, G.,
Dobbs, T., 2001. Policy challenges and priorities for internalizing the externalities of
modern agriculture. Journal of Environmental Planning and Management, 44, 263–
283.
Reig-Martınez, E. and Picazo-Tadeo, A.J., 2004. Analysing farming systems with Data
Envelopment Analysis: citrus farming in Spain. Agricultural Systems, 81, 17-30.
Ribaudo, M.O., Horan, R.D. and Smith, M.E., 1999. Economics of Water Quality Protection
from Non-Point Sources: Theory and Practice. Resource Economics Division,
Economic Research Service, U.S. Department of Agriculture. Agricultural Economic
Report No. 782.
Ribaudo, M.O., Heimlich, R. Claassen, R., Peters, M., 2001. Least-cost management of non
point source pollution: source reduction versus interception strategies for controlling
nitrogen loss in the Mississippi Basin. Ecological Economics, 37, 183-197.
Schulte, R.P.O., Melland, A., Fenton, O., Herlihy, M., Richards, K., Jordan P., 2010.
Modelling soil phosphorus decline: Expectations of Water Framework Directive
policies. Environmental Science and Policy, 13, 472-484.
Scott, 2005. Fertiliser Taxes – Implementation Issues. Final Report (2001-EEP-DS9-M2)
prepared for the Environmental Protection Agency. Environmental Protection
Agency, Wexford.
31
Sharpley, A.N., Weld, J.L., Beegle, D.B., Kleinman, P.J.A., Gburek, W.J., Moore, J.P.A.,
Mullins, G., 2003. Development of phosphorus indices for nutrient management
planning strategies in the United States. Journal of Soil and Water Conservation, 58,
137-152.
Sharpley, A.N., Kleinman, P.J.A., Heathwaite, A.L., Gburek, W.J., Folmar, G.J., Schmidt,
J.P., 2008. Phosphorus Loss from an Agricultural Watershed as a Function of Storm
Size. Journal of Environmental Quality, 37, 362-368.
Simar, L., Wilson, P.W., 1998. Sensitivity analysis of efficiency scores: how to bootstrap in
nonparametric frontier models. Management Science 44, 49-61.
Simar, L., Wilson, P.W., 2000. Statistical Inference in Nonparamteric Frontier Models: The
State of the Art. Journal of Productivity Analysis 13 (1), 49-78.
Simar, L., 2003. Detecting Outliers in Frontier Models: A Simple Approach. Journal of
Productivity Analysis, 20, 391-424.
Sutton, M., Oenema, O., Erisman, J.W., Leip, A., Grinsven, H., Winiwarter, W., 2011. Too
much of a good thing. Nature, 472, 159-161.
Theodoridis A.M., Psychoudakis, A., 2008. Efficiency Measurement in Greek Dairy Farms:
Stochastic Frontier vs. Data Envelopment Analysis. International Journal of
Economic Sciences and Applied Research, 2, 53-66.
Treacy, M., Humphreys, J., McNamara, K., Browne, R., Watson, C.J., 2008. Farm-gate
nitrogen balances on intensive dairy farms in the south west of Ireland. Irish Journal
of Agricultural and Food Research, 47, 105–117.
Tunney H, Kirwan L, Fu W, Culleton N. 2010. Long term phosphorus grassland experiment
for beef production–Impact on soil phosphorus levels and animal liveweight gains.
Soil Use and Management 26, 237-244.
32
Tzouvelekas, V., Pantzios, C., Fotopoulos, C., 2001. Technical efficiency of alternative
farming systems: the case of Greek organic and conventional olive-growing farms.
Food Policy, 26, 549-569.
Uzmay, A., Koyubenbe, N., Armagan, G., 2009. Measurement of Efficiency Using Data
Envelopment Analysis (DEA) and Social Factors Affecting the Technical Efficiency
in Dairy Cattle Farms within the Province of Izmir, Turkey. Journal of Animal and
Veterinary Advances, 8, 1110-1115.
Volk, M., Liersch, S., Schmidt, G., 2009. Towards the implementation of the European
Water Framework Directive? Lessons learned from water quality simulations in an
agricultural watershed. Land Use Policy, 26, 580–588.
Vörösmarty, C.J., McIntyre, P.B., Gessner, M.O., Dudgeon, D., Prusevich, A., Green P., et
al., 2010. Global threats to human water security and river biodiversity. Nature, 467,
555-561.
Wall, D., Jordan, P., Melland, A.R., Mellander, P-E., Buckley, C., Reaney, S.M., Shortle, G.,
2011. Using the nutrient transfer conctinuum concept to evaluate the European
Union Nitrates Directive National Action Programme. Environmental Science and
Policy, 14, 664-674.
Wolszczak-Derlacz, J., Parteka, A., 2011. Efficiency of European public higher education
institutions: a two-stage multicountry approach. Scientometrics, 89, 887-917.
